Background. Chronic kidney disease patients who are resistant to erythropoietin (EPO) treatment may suffer from malnutrition and/or inflammation. Methods. In a cross-sectional study of haemodialysis patients, we investigated the relationship between the natural logarithm of the weekly EPO dose normalized for post-dialysis body weight and outcome measures of nutrition and/or inflammation [BMI, albumin and C reactive protein (CRP)] by means of multiple linear regression analysis. On the basis of the decile distribution of weekly EPO doses, we also evaluated four groups of patients: untreated, hyper-responders, normoresponders and hypo-responders. Results. Six hundred and seventy-seven adult haemodialysis patients were recruited from five Italian centres. BMI and albumin were lower in the hyporesponders than in the other groups (21.3±3.8 vs 24.4±4.7 kg/m 2 , P<0.001; and 3.8±0.6 vs 4.1±0.4 g/ dl, P<0.001), whereas the median CRP level was higher (1.9 vs 0.8 mg/dl, P ¼ 0.004). The median weekly EPO dose ranged from 30 IU/kg/week in the hyper-responsive group to 263 IU/kg/week in the hypo-responsive group. Transferrin saturation linearly decreased from the hyper-to hypo-responsive group (37±15 to 25±10%, P ¼ 0.003), without any differences in transferrin levels. Ferritin levels were lower in the hypo-responsive than in the other patients (median 318 vs 445 ng/ml, P ¼ 0.01). At multiple linear regression analysis, haemoglobin, BMI, albumin, CRP and serum iron levels were independently associated with the natural logarithm of the weekly EPO dose (R 2 ¼ 0.22).
Introduction
Over the last 15 years, the availability of recombinant human erythropoietin (EPO) has led to the almost complete disappearance of severe anaemia requiring blood transfusions in patients with chronic kidney disease (CKD); however, despite an increase in its use and average dose, a substantial percentage of patients still fail to achieve the haemoglobin (Hb) targets recommended by the international guidelines [1, 2] . In this setting, the term EPO resistance has been introduced to define the patients who fail to attain the target despite a higher than usual dose of erythropoiesis stimulating agent (ESA) or who continuously need this higher dose in order to maintain it. Nearly 10% of the considered populations would fulfil this definition, but the true incidence of resistance to ESA is not known.
Although iron deficiency is probably the most important factor affecting the response to ESA in most patients, occult blood loss, infection, hyperparathyroidism and inadequate dialysis are also important.
Chronic inflammation can also be a cause of anaemia in CKD patients as a result of the suppression of bone marrow erythropoiesis by some cytokines [3] [4] [5] . A number of studies have highlighted the association between increased inflammatory indices and a reduced response to ESA; in particular, high C reactive protein (CRP) levels are often found in haemodialysis patients requiring higher ESA doses [6] [7] [8] , and increased CRP levels in CKD patients positively correlate with other inflammatory cytokines, such as interleukin 6 (IL-6) [9] , whose levels are 8-10 times higher in haemodialysis patients and have been directly related to the EPO dose [10] .
A large proportion of CKD patients also have protein energy malnutrition and wasting [11] , low serum levels of albumin [7] and other more specific nutritional markers which are predictors of the response to EPO [8] . It is therefore possible that a diminished nutritional status could be a feature of patients who are resistant to ESA treatment, with malnutrition probably being due to a chronic inflammatory state [10, 12] .
The consequent anaemia could be one of the links between malnutrition-inflammation-arteriosclerosis (MIA) syndrome, and the higher rates of hospitalization and mortality particularly due to cardiovascular disease [13] . However, the possible interactions between inflammatory and nutritional markers and their impact on refractory anaemia and EPO resistance, as potentially modifiable risk factors of dialysis-associated morbidity and mortality, are still unclear.
Starting from the hypothesis that anaemia (partially due to a reduced response to ESA) could underlie the inflammation, malnutrition and poor outcome of CKD patients, we planned a multicentre, crosssectional study aimed at evaluating the impact and possible causes of resistance to ESA in a large sample of haemodialysis patients.
Patients and methods
Six hundred and seventy-seven patients aged !18 years who had been undergoing haemodialysis for at least 6 months were recruited by five dialysis Centres in Italy (Brescia, Lecco, Naples, Prato and Reggio Calabria). Patients with haemoglobinopathies, sickle cell anaemia, thalassaemia or malignancies were excluded, as were those who had experienced infection, vascular access thrombosis, stroke, myocardial infarction, heavy blood loss, or who had undergone major surgery or blood transfusion in the previous three months.
The laboratory parameters (except for post-dialysis serum urea nitrogen, which was used to calculate the equilibrated Kt/V) were measured before the start of the dialysis session. Equilibrated Kt/V, calculated according to the second-generation equation of Daugirdas [14] , was used to estimate the dialysis dose for low molecular weight uraemic toxins; the appearance of urea nitrogen was calculated in order to estimate daily protein intake. All of the routine laboratory measurements were made using automated methods. Serum CRP was measured in all centres by means of a turbidimetric immunoassay (normal range <0.3 mg/dl).
Statistical analysis
The descriptive analysis was based on arithmetical means and SDs for normally distributed continuous variables, and percentiles for non-normally distributed continuous variables. In order to normalize the amount of EPO required depending on the severity of anaemia, we calculated an EPO resistance index (ERI), defined as the weekly EPO dose divided by Hb level (g/dl). Both the EPO dose and ERI were divided by end-dialysis body weight to indicate the required EPO dose per kilogram of body weight.
Four patient groups were defined on the basis of the distribution of the weekly dose of EPO or darbepoetin alpha: group A (no EPO treatment), group B (hyperresponders; 1st decile of weekly EPO dose), group C (normo-responders; 5th and 6th deciles of weekly EPO dose) and group D (hypo-responders treated with the highest decile of weekly EPO dose). A ratio of 1:200 was used to convert darbepoetin alpha to the EPO equivalent dose (1 mg of darbepoetin alpha ¼ 200 IU of epoetin alpha or beta).
The distribution of the three main outcome measures of nutrition and/or inflammation (body mass index, serum albumin and CRP) in the four groups was investigated by means of one-way analysis of variance (ANOVA), with group B and D being compared with group A (patients not treated with EPO) and C (patients treated with the usual standard EPO dose) in order to characterize the features of hyper-and hypo-responders to EPO. The chi-square test was used to investigate the distribution of categorical variables in the groups.
In the population as a whole, univariate and multivariate linear regression analyses were performed to obtain the predictive power of the nutritional and inflammatory outcome measures on the natural logarithm of the weekly EPO dose; multiple binary logistic regression analysis was used to calculate the odds ratios and their 95% confidence intervals (CI) for the highest EPO decile against the other patients. Non-normally distributed continuous variables such as weekly EPO dose, CRP and ferritin levels were logarithmically converted. All analyses were made using SPSS statistical software for Windows, release 11.01.
Informed consent and ethical surveillance
Before starting the study, the patients were informed about the aims, the expected benefits to them and/or others, the risks and inconveniences involved, and their right to refuse to participate or to withdraw from the study at any time without sanction. Their written consent was obtained. The study was carried out in accordance with the Declaration of Helsinki and its subsequent modifications, and was approved by the Ethics Committees of the participating Centres.
Results
One-hundred and twenty-seven of the 677 patients (18.8%) were not treated with EPO whereas 550 patients (81.2%) were receiving EPO (73.0%) or darbepoetin (8.2% 
Group characteristics
The clinical and laboratory characteristics of the groups are summarized in Table 1 . There were no significant between-group differences in terms of age, diabetes as the primary cause of ESRD (10.4% overall), equilibrated Kt/V, urea nitrogen appearance or the type of vascular access. Group A had a higher proportion of males (72%), and groups A and B a higher percentage of patients with polycystic kidney disease (21 and 20%) than groups C and D (6 and 7%).
Serum iron levels and the percent saturation of transferrin linearly decreased from the hyper-responders of group B to the hypo-responders of group D (from 77±30 to 53±20 mg/dl, P<0.001; and from 37±15% to 25±10%, P ¼ 0.003), without any differences in transferrin levels. Median ferritin levels were lower in group D than in the other groups (318 vs 445 ng/ml, P ¼ 0.01), but there was no difference in intravenous iron levels in the four groups (median 250 mg/month). Among the hypo-responders of group D, CRP levels were higher in the patients whose ferritin levels were equal to or less than the median group value of 318 ng/ml (median CRP 3.2 mg/dl, IQR 0.8-12.0 mg/dl) than in those with ferritin levels of >318 ng/ml (median CRP 1.1 mg/dl, IQR 0.4-3.5 mg/dl). Group D patients had the lowest post-dialysis body weight, BMI and albumin levels, but the highest median CRP level.
Hb levels linearly decreased from group A to group D throughout the intermediate deciles, whereas the weekly EPO dose and ERI increased exponentially ( Figure 1) ; on the contrary, the decrease in BMI and albumin levels were only evident in group D (Figure 2 ). The distribution of CRP values was skewed to the right in all groups ( Figure 3, panel A) , and became more symmetrical and normal after natural logarithmic transformation ( Figure 3, panel B) . The median weekly EPO dose ranged from 30 IU/kg/week in group B to 263 IU/kg/week in group D (P<0.001), with a concomitant 10-fold increase in the ERI (from 2.6 to 26.9 IU/kg/week, P<0.001).
Multiple linear regression analysis
A number of nutritional and inflammatory variables significantly correlated with the natural logarithm of the weekly EPO dose. Higher levels of BMI, serum albumin, Hb, serum iron, transferrin saturation and ferritin were significantly associated with a lower natural logarithm of the weekly EPO dose, whereas higher CRP levels and intravenous iron dose per month were significantly associated with a higher natural logarithm of the weekly EPO dose (Table 2) . However, these linear associations were weak; in fact, the absolute Pearson correlation coefficient was at maximum 0.26 (for serum iron, P<0.001) after exclusion of the correlation coefficient with Hb (À0.38, P<0.001).
In the multiple linear regression analysis with the natural logarithm of the weekly EPO dose as dependent variable, the model included Hb, CRP, albumin, BMI and serum iron levels (Table 3) . Among them, only CRP levels were directly related with the natural logarithm of the weekly EPO dose (positive B coefficient 0.051, P ¼ 0.004). The other four variables were inversely associated (see negative values of their B coefficient). This means that higher levels of Hb, albumin, BMI and serum iron were associated with lower values of the natural logarithm of the weekly EPO dose. The predictive power of this model was not very high (the adjusted R 2 was 0.216), but the analysis of residuals plotted against the predicted values was satisfactory given that no particular patterns emerged and that their distribution was normal (data not shown). It is important to underline that transferrin saturation, ferritin and the monthly intravenous iron dose were related to the natural logarithm of the weekly EPO dose only at univariate analysis (Table 2) whereas transferrin, gender, polycystic kidney disease and diabetes were not significantly related to the natural logarithm of the weekly EPO dose both at univariate (Table 2 ) and multivariate analyses ( Table 3) . The results of the multiple linear regression analysis did not change when the patients receiving darbopoietin alfa and those with depleted iron stores (transferrin saturation 20% or ferritin levels 100 ng/ml) were excluded.
Logistic regression analysis
Multiple logistic regression analysis using the group D hypo-responsive patients as cases and the patients in the other groups as controls also showed that Hb, BMI and serum albumin and CRP levels independently predicted the response to EPO ( Table 4) . The results were consistent with those of the multiple linear regression analysis (Table 3) ; the natural logarithm of the weekly EPO dose increased with decreasing albumin and BMI values (the negative beta coefficient indicates an inverse relationship), and increasing CRP levels (the positive beta coefficient indicates a direct relationship). Only the serum iron level, which was significantly related at multiple linear regression analysis, was not selected by this model (P ¼ 0.855). The results of the multiple logistic regression analysis did not change when the patients receiving darbopoietin alfa and those with depleted iron stores were excluded.
Discussion
One of the main findings of this study is that only 2.4% of a large sample of haemodialysis patients attending the five centres were hypo-responders to EPO therapy, as determined by the usual dose cut-off values of the EBPG and K-DOQI guidelines (!300 IU/kg/week) [1, 2] . We also found that responsiveness to EPO is a continuous exponential function, rather than a categorical variable.
Hypo Nutritional-inflammation status and EPO resistance in haemodialysis patients 995 of percentage transferrin saturation in group D (25±10%) with its normal distribution allowed us to estimate that 16% of the patients had a saturation of less than 15%, which is considerably below that recommended in the EBPG and K-DOQI guidelines, and underlines the fact that this aspect is less than optimally implemented in everyday clinical practice [15] . Our results also confirm the association between EPO resistance and increased CRP levels previously found in a number of mainly small-scale studies. Ba´ra´ny et al. [6] studied 30 haemodialysis patients and showed that the weekly EPO dose was 80% higher in those whose CRP levels were 20 mg/l or more. Gunnell et al. [7] performed a cross-sectional study of 92 haemodialysis patients and found that CRP, serum albumin and age were the best predictors of EPO responsiveness, and also suggested that EPO resistance occurred in the context of high ferritin and low transferrin levels, a pattern that is expected in the acute-phase response and not in iron deficiency. However, in our study, CRP levels were lower in hypo-responsive patients whose ferritin levels were higher. In a cross-sectional analysis of 339 haemodialysis patients, Kalantar-Zadeh et al. [8] similarly found a positive correlation between CRP levels and EPO dose at linear regression analysis (r ¼ 0.2, P<0.001), but did not find any relationship between CRP and hypo-responsiveness at logistic regression analysis using the highest EPO dose tertile as cases and the lowest EPO dose tertile as controls (odds ratio of hypo-responsiveness ¼ 1.25, P ¼ 0.21). The weakness of this relationship, in contrast with our findings, may have been due to the fact that their tertile classification is less precise than our decile classification, which better isolates the more extreme cases. The relationship of the response to EPO with the various aspects of iron status and iron therapy is perhaps the most complex one to elucidate and thus major discrepancies emerge on this topic among available studies. This occurs at least for three reasons: (a) there is a high collinearity between the certain covariates (i.e. transferrin saturation and ferritin), (b) some iron variables have a mixed nutritional and inflammatory significance (i.e. transferrin) or are markers of both iron stores and inflammation (i.e. ferritin), and (c) different iron protocols were followed in different centres and in different countries, making comparisons among studies difficult. This can explain why some studies indicate that haemodialysis patients with refractory anaemia have increased serum ferritin levels [7] , whereas in our and other studies [8] this finding was not confirmed and serum ferritin levels were not related to EPO response. Furthermore, in our study transferrin levels were not related to the natural logarithm of weekly EPO dose. By contrast, serum iron levels decreased linearly with increasing values of the weekly EPO dose, both at the univariate ANOVA and at the multivariate linear regression analysis. However, when considering as cases the patients with the highest decile of weekly EPO dose at the multiple logistic regression analysis, serum iron levels lose their relationship with hypo-responsiveness to EPO. The reason of this discrepancy remains unclear.
We also found that EPO resistance was associated with low albumin concentrations and a low BMI. This was expected as the cross-sectional study by Gunnell et al. [7] identified low serum albumin levels as the strongest predictor of the EPO/haematocrit ratio in both haemodialysis and peritoneal dialysis patients; however, Kalantar-Zadeh et al. [8] failed to confirm any significant association between low serum albumin levels and the EPO dose or ERI. This inconsistency may be partially explained by the fact that their patients were probably better dialyzed and better nourished than those of Gunnell et al. [7] , who had lower mean Kt/V and urea nitrogen appearance values. However, it is interesting that Kalantar-Zadeh et al. [8] found significant associations between ERI and other more specific nutritional markers, such as prealbumin, serum TIBC, total cholesterol, BMI and the percentage of blood lymphocytes, because this is in line with our finding of a relationship between EPO responsiveness and BMI, possibly supporting the MIA syndrome hypothesis. It is also worth noting that an inverse correlation between the EPO dose and appetite had been reported [16] .
Another important point is that the linear associations of the relevant covariates with EPO dose were weak, and the predictive power of our final model was not very high (the adjusted R 2 was 0.216), possibly for at least two reasons: (a) important factors associated with hypo-responsiveness are missing or still have to be identified in our model, and (b) given the complexity of the subject, the linear models used may have been inadequate as is suggested by the fact that the BMI and albumin levels decreased in a stepwise fashion only in group D (Figure 2) . Furthermore, the analysis excluded some possible hypo-responders to EPO, such as the patients who had been transfused in the previous 3 months.
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(malnutrition-inflammation?) and EPO resistance (the effect?). Secondly, given that we used the percentile distribution of EPO-treated patients to identify hyporesponders, it is likely that some of them had depleted iron stores, as suggested by their lower levels of serum iron and percentage transferrin saturation in comparison with the other EPO-treated groups. However, the results of the multiple linear and logistic regression analyses did not change when the patients with iron store depletion were excluded. This once again underlines the need to monitor the iron status of haemodialysis patients closely because absolute or relative iron deficiency is still an important clinical problem in everyday clinical practice, even in selected and highly motivated centres. Finally, although widely used in the literature [4, [6] [7] [8] , the terms hyporesponsiveness and/or EPO resistance are more problematic than expected because they imply a poor response of erythron to EPO; as red cell formation is not easily measurable, like other authors [8] , we used Hb levels as a surrogate.
In conclusion, our results should contribute towards a better understanding of the factors involved in the response to EPO therapy. Elucidating these factors not only has an intrinsic relevance per se (as a means of better correcting the anaemic state), but may also be useful in helping to identify patients at high risk of morbidity and mortality.
